Enzyme-scaffold interactions have a critical role in directing intracellular signaling. Scaffolded complexes have been described in multiple signaling pathways and serve as platforms for signal integration and propagation by localizing enzymes in the vicinity of their substrates and regulatory proteins [1] [2] [3] . A notable example is the A-kinase anchoring protein AKAP79, which juxtaposes the kinase PKA with the phosphatase calcineurin and other proteins and targets them to a variety of locations in the plasma membrane 4,5 .
a r t i c l e s
To gain further insight into the role of this calcineurin-scaffold interaction in intracellular signaling, we have investigated its structural basis, the affinity and kinetics of calcineurin-AKAP79 binding, and the effects of relatively small perturbations of the interaction on NFAT transcriptional signaling in cells. The crystal structure of a calcineurin-AKAP79 complex shows that calcineurin engages an atypical PxIxIT site in AKAP79. The functional studies lead to three principal conclusions: first, despite the absence of a consensus proline residue, the AKAP79 site binds calcineurin more tightly than any of the recognition peptides identified so far in substrates; second, the site allows rapid dissociation of calcineurin for physiological signaling; and, third, only a rather narrow window of calcineurin-AKAP79 affinities is compatible with normal NFAT signaling. We propose that the atypical PxIxIT site of AKAP79 meets two independent requirements of intracellular signaling, in that it (i) recruits calcineurin efficiently to the vicinity of L-type Ca 2+ channels for activation by Ca 2+ entering the cell and yet (ii) allows the disengagement of calcineurin to couple channel activation with downstream signaling events.
RESULTS

Structure of the calcineurin-AKAP79 complex
To define the structural basis for calcineurin binding to AKAP79, we crystallized the complex of calcineurin with an AKAP79 peptide and solved its structure at 2.0-Å resolution ( Table 1 and Fig. 1b ; PDB 3LL8). Two calcineurin A-calcineurin B (CNA-CNB) heterodimers and one AKAP peptide are contained in the asymmetric unit. As in the calcineurin-PVIVIT structure 16 that describes consensus calcineurin-substrate recognition, the AKAP79 PIAIIIT peptide is in closer contact with one of the two calcineurin heterodimers in the asymmetric unit.
The electron density in the calcineurin-AKAP complex is well defined throughout the core of the AKAP recognition peptide and the apposed surface of calcineurin (Fig. 1c) . The AKAP peptide assumes an extended configuration as a β-strand aligned along β-strand 14 of CNA on a surface distant from the catalytic site ( Fig. 1b-d) . Seven backbone hydrogen bonds serve to position the peptide strand between AKAP residues Ala339 and Thr345 as part of an extended β sheet.
In the core region of calcineurin-AKAP peptide contact, Ile340 and Ile342 of AKAP make contacts on a nonpolar surface of calcineurin in the trough between β-strand 11 and β-strand 14 ( Fig. 1c) , and Thr343 forms a hydrogen bond with Asn330 of CNA (Fig. 1e) . These contacts are identical to those of the corresponding isoleucine and threonine side chains in the calcineurin-PVIVIT structure. Strikingly, however, Ile338 of AKAP takes the position of Pro6 in the calcineurin-PVIVIT complex (Fig. 1f) . The Ile338 side chain is buried in the pocket to approximately the same depth as Pro6 in the calcineurin-PVIVIT complex, resulting in a slight displacement of the backbone at Ile338 away from the calcineurin surface compared to PVIVIT (Fig. 1d) . In the N-terminal flanking region of the AKAP peptide, the electron density of Glu336 and Pro337 is poorly defined and does not (e) The hydrogen bond between Thr343 of AKAP79 and Asn330 of CNA recapitulates a critical contact 13, 15 in the calcineurin-PVIVIT structure. (f) Side-by-side comparison of the calcineurin-AKAP79 structure (left) and calcineurin-PVIVIT structure (right) viewed from the 'proline pocket' defined in the calcineurin-PVIVIT structure. Calcineurin is shown in surface representation with residues in direct contact with the peptides colored orange, and the peptides are displayed in stick representation. The figures were prepared using Chimera 38 and Coot 39 .
npg a r t i c l e s contact CNA. The C-terminal flanking region of the AKAP peptide makes van der Waals contacts on the surface of calcineurin, and the hydrogen bond network anchoring the flanking region of the calcineurin-PVIVIT complex is supplanted by Thr343-Asn333 and Asp344-Lys318 contacts. There is no sequence conservation among PxIxIT sites from different calcineurin-binding proteins in the segments flanking the core recognition peptide, and the idiosyncratic contacts of AKAP are consistent with the view 16 that PxIxIT flanking regions arrange themselves in a low-energy configuration but may not contribute appreciably to ∆G binding .
Solution studies of the calcineurin-AKAP79 complex
We sought to complement the picture from X-ray crystallography by experimental characterization of calcineurin-AKAP79 binding in solution. Size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS) showed a shift in migration of the calcineurin heterodimer peak upon formation of a complex with AKAP79 333-408 and an increase in mass of ~8 kDa, corresponding to a 1:1 complex of calcineurin with AKAP79 333-408 (Fig. 2a) . The crystal structure offers two possible modes of contact in a 1:1 complex, and in both modes the AKAP79 peptide occupies roughly the same surface of calcineurin (Fig. 2b) . The peptide is aligned in each case along β-strand 14 of calcineurin and is stabilized by backbone hydrogen bonds to β strand 14. Contact mode 1 buries 1,332 Å 2 of surface and makes seven backbone hydrogen bonds, whereas contact mode 2 buries 820 Å 2 and makes four backbone hydrogen bonds. The two contact modes differ most prominently in whether the Ile338 side chain is in contact with calcineurin (Fig. 2b) . In the calcineurin-AKAP peptide structure already described, Ile338 is buried in the 'proline pocket' of the PxIxIT-binding surface, whereas in the alternative complex it extends away from calcineurin. An I338A substitution substantially reduced the affinity of the calcineurin-AKAP peptide interaction in a competitive binding assay (Fig. 2c) , indicating that Ile338 contributes to calcineurin-AKAP binding, consistent with contact mode 1. Finally, although neither calcineurin-peptide contact in the crystal structure involves Pro337, the substantial energetic contribution of the Pro6 contact in the calcineurin-PVIVIT complex 16 led us to introduce a P337A substitution to rule out alternative modes of binding that bury Pro337. The P337A mutation had no impact on calcineurin-AKAP affinity in the competitive binding assay (Fig. 2c) . The combined SEC-MALS and competitive binding data establish that calcineurin binding at the IAIIIT site in solution gives a 1:1 complex and support the structural model depicted in Figure 1b ,f.
Stoichiometry of the calcineurin-AKAP79 complex in living cells
To determine whether calcineurin and full-length AKAP79 also form a 1:1 complex in living cells, we compared YFP/CFP fluorescence intensity ratios measured in MDCK cells expressing calcineurin-YFP and AKAP79-CFP to the ratios measured in cells expressing a reference CFP-YFP protein covalently linking CFP to YFP or in cells expressing RII-YFP and AKAP79-CFP ( Fig. 2d-h ). As shown in our previous work 21, 31, 32 , coexpression of calcineurin-YFP (Fig. 2d) or PKA-RII-YFP ( Fig. 2e) with wild-type AKAP79-CFP resulted in colocalization of the YFP-labeled proteins with AKAP79 at the plasma membrane and in fluorescence resonance energy transfer (FRET) between CFP and YFP. Both the plasma membrane colocalization of CFP and YFP and the FRET signals were eliminated by deletion of the respective anchoring sites in AKAP79 (∆CN, Fig. 2d; ∆PKA, Fig. 2e) 21 . In the cases of calcineurin and RII, we applied a mask to the images in order to determine the YFP/CFP ratio specifically at membrane sites of colocalization and FRET. After correcting CFP fluorescence intensity for the quenching due to FRET, the YFP/CFP ratio of the calcineurin-wild-type AKAP79 pair was 6.6 ± 0.5, not significantly different from the YFP/CFP ratio of 8.5 ± 1.0 observed for 1:1 linked CFP-YFP (Fig. 2h) . Replacing wild-type AKAP79 with the I338P variant discussed below to ensure high bindingsite occupancy increased the YFP/CFP ratio only to 8.1 ± 0.6, still not significantly different from that of linked CFP-YFP. The YFP/CFP ratio of the RII-wild-type AKAP pair (25.2 ± 1.2) was, as expected, significantly greater than that of the 1:1 construct, in fact exceeding the reference value by more than a factor of 2. One explanation for the excess YFP signal is that a minor fraction of RII-YFP is free or in complexes not involving AKAP79-CFP. There is no specific evidence whether or not there is such an excess YFP signal in the calcineurin experiments, but any calcineurin-YFP not complexed with AKAP79-CFP would lead to an overestimate, rather than an underestimate, of calcineurin in the calcineurin-AKAP79 complex. The YFP/CFP ratio measurements are most consistent with the formation of a 1:1 calcineurin-AKAP79 complex and a 2:1 RII-AKAP79 complex in cells and are in agreement with our SEC-MALS data for the calcineurin-AKAP79 complex (Fig. 2a) and the known structure of the RII-AKAP79 complex 33 .
Calcineurin binding to and dissociation from the IAIIIT site
The IAIIIT anchoring site is essential for NFAT signaling in hippocampal neurons because it underlies recruitment of calcineurin to AKAP79 complexes adjacent to the L-type Ca 2+ channel 21 . Recruitment of calcineurin to AKAP-scaffolded complexes in neurons will depend on the concentration of free calcineurin and on the K d of the binding interaction. To obtain a direct estimate of calcineurin-AKAP79 K d , we made quantitative measurements of FRET between an ATTO425-AKAP79 333-408 donor and rhodamine-calcineurin acceptor (Fig. 3c,d ). We conclude that interaction at the IAIIIT site can effectively recruit calcineurin in neurons if the free calcineurin concentration is in the high hundreds of nanomolar to low micromolar range. The rapid dissociation of calcineurin-AKAP79 peptide complex is particularly relevant to the transmission of intracellular signals. Even though AKAP79 and NFAT use the same surface to dock on calcineurin, recruitment of calcineurin to AKAP79 need not be in conflict with productive signaling because of the rapid equilibration between free calcineurin and AKAP-bound calcineurin. Experiments reported below establish that dissociation at physiological temperature is even more rapid than in the experiment of Figure 3 .
Scaffold interaction and calcineurin-NFAT signaling
Knowledge of the calcineurin-AKAP79 structure opens an opportunity to investigate the effect of systematically varying the affinity of this enzyme-scaffold interaction. Building on our earlier studies of the calcineurin-PVIVIT structure and the rules that connect changes in the sequence of calcineurin-recognition sites in substrates to variations in affinity 16 , we designed a small panel of AKAP79 anchoring peptides whose affinities for calcineurin span a wide range. The peptides contained the replacements I338P, T343A or both. Wild-type and variant AKAP proteins are referred to by 7-mer sequences to facilitate comparison with variant sequences of the variations introduced-for instance, a peptide containing the wild-type anchoring sequence is designated PIAIIIT, even though Pro337 is not part of the contact interface defined in the crystal structure. Competitive binding experiments in which these unlabeled AKAP variants, as GST fusion proteins, were used to displace labeled PVIVIT demonstrated that the relative affinities were PPAIIIT > PIAIIIT > PPAIIIA > PIAIIIA, (Fig. 4a,b) . Notably, the PPAIIIT variant, in which Ile338 was substituted with proline, bound about four-fold more strongly to calcineurin than wild-type AKAP79.
To explore the biological effect of varying the affinity of calcineurin-scaffold interactions, we expressed full-length AKAP79 proteins with either the wild-type PIAIIIT anchoring sequence or one of the variant sequences PPAIIIT, PPAIIIA and PIAIIIA in rat hippocampal neurons. The neurons were depolarized by elevating KCl concentration, using a stimulus protocol that activates L-type Ca 2+ -channel signaling through calcineurin and triggers NFAT nuclear translocation and NFAT-dependent gene expression 21, 29 . Endogenous NFAT3 (also known as NFATc4) was localized immunocytochemically. As shown previously, RNAi-resistant wildtype human AKAP79 rescued NFAT nuclear translocation in neurons after depletion of endogenous AKAP150 by RNAi (Fig. 4c-e) . AKAP79 bearing the lower-affinity sequences also rescued NFAT nuclear translocation, AKAP79 with PPAIIIA (intermediate affinity) as efficiently as wild-type AKAP79, and AKAP79 with PIAIIIA (lowest affinity) somewhat less efficiently (Fig. 4d,e) . Previous work has shown that AKAP79 lacking the calcineurin-anchoring site does not rescue calcineurin-NFAT signaling 21 . Unexpectedly, AKAP79 bearing the higher-affinity sequence PPAIIIT was also completely unable to rescue signaling (Fig. 4d,e) .
The differences in NFAT nuclear localization have practical consequences for NFAT-dependent transcription (Fig. 5) . Endogenous AKAP150 in rat hippocampal neurons was depleted by RNAi as for the nuclear import experiments, the cells were reconstituted with human AKAP79 and its variants, and NFAT-dependent transcription was monitored as expression of a 3xNFAT-ECFP reporter. Wild-type AKAP79 and AKAP79 with PPAIIIA (intermediate affinity) were equivalent in rescuing transcription (Fig. 5c-e) . Consistent with its effect on NFAT nuclear translocation, the low-affinity PIAIIIA AKAP was partially functional, as evidenced by rescue of NFAT transcription only at an early time (Fig. 5d) but not at a later time after stimulation (Fig. 5e) . PPAIIIT was again completely unable to rescue NFAT signaling (Fig. 5c-e) .
Altered calcineurin interactions with the PPAIIIT site
Among the possible reasons for the failure of PPAIIIT to support signaling was unavailability of calcineurin to bind NFAT after calcineurin activation at the scaffold complex associated with the L-type Ca 2+ channel. We compared dissociation of calcineurin from its complexes with wild-type AKAP79 333-408 (PIAIIIT) and with the PPAIIIT variant in stopped-flow FRET experiments at room temperature and at 36 °C (Fig. 6a,b and Supplementary Fig. 2 ). Preformed calcineurin-AKAP79 complex was mixed with an excess of unlabeled PVIVIT npg a r t i c l e s peptide to prevent rebinding of calcineurin to AKAP79, and complex dissociation was monitored as the decrease in the FRET signal. The dissociation of calcineurin from wild-type AKAP79 was rapid at both temperatures, with the mean dissociation rate at 36 °C, 9.96 s -1 (range 8.84-11.84 s -1 , n = 4), corresponding to a half-time of ~70 ms (Fig. 6a) . The implication is that calcineurin can rapidly expose its NFAT-binding surface even if that surface is initially engaged in a physiological complex with wild-type AKAP79. Dissociation of the higher-affinity calcineurin-PPAIIIT AKAP79 complex was appreciably slower, with mean dissociation rate 4.24 s -1 (range 3.90-4.55 s -1 , n = 4) and corresponding half-time ~163 ms (Fig. 6b) , consistent with a modest reduction in availability of the docking surface to interact with NFAT after calcineurin activation in cells.
We undertook a second line of experiments to gain insight into the anchoring of calcineurin by AKAP79 in living cells. We examined the dynamics, and more specifically the mobile fraction, of calcineurin-YFP in rat hippocampal neuron dendritic spines using fluorescence FRAP) . Endogenous AKAP150 was depleted by RNAi and replaced with wild-type or mutant AKAP79. Coexpression of calcineurin-YFP with the ∆PIX variant (deletion of PIAIIIT), which cannot bind calcineurin, led to a significant increase in the mobile fraction of calcineurin (89.5 ± 0.7%, P < 0.001) compared to rescue with wild-type AKAP79 (77.5 ± 0.6%) or the intermediate affinity PPAIIIA variant (77.1 ± 0.8%) (Fig. 6c-f) . Coexpression with the low-affinity PIAIIIA variant also gave a modest, but still significant, increase in mobile fraction (81.3 ± 0.6%, P < 0.01) consistent with reduced anchoring of calcineurin to this variant (Fig. 6f) .
In contrast, AKAP with the high-affinity site PPAIIIT decreased the mobile fraction of calcineurin (61.6 ± 0.7%, P < 0.001 compared to wild type) (Fig. 6d,f) to a level that was very similar to that of the less mobile AKAP79 itself (61.8 ± 0.6%) (Fig. 6c,e) . The variant AKAP79 proteins were all expressed at the same levels across experiments, as was calcineurin-YFP, and there was no change in the mobile fraction of AKAP79 with any variant tested (Supplementary Fig. 3 ). These results indicate that calcineurin-AKAP binding contributes perceptibly to the immobilization of calcineurin in dendritic spines, and that an increase in calcineurin-AKAP affinity that blocks NFAT signaling is reflected in an increase in calcineurin anchored by AKAP in the spine. Note that the calcineurin immobilization detected in cells extends to a much longer time scale than calcineurin-AKAP79 dissociation in vitro and thus probes a different aspect of calcineurin interaction with PPAIIIT, as discussed below. The involvement of AKAP79 scaffolding in calcineurin-NFAT signaling in hippocampal neurons poses competing requirements: calcineurin must use its PxIxIT-interacting surface to bind AKAP79 adjacent to L-type Ca 2+ channels, but the same surface must be available to recognize NFAT. The level of calcineurin in brain is high, ~1% of soluble protein 35 , translating to a total calcineurin concentration in the cell cytoplasm of ~10 µM. Allowing for calcineurin bound to partner proteins, a plausible free calcineurin concentration in neurons is in the high hundreds of nanomolar to low micromolar range, in which case the majority of AKAP79 sites in neuronal cells will be occupied by calcineurin at any given time. Nevertheless, the rapid dissociation of the calcineurin-AKAP79 peptide complex in vitro indicates that the docking surface on calcineurin is in principle available for efficient interaction with NFAT and other cellular substrates.
DISCUSSION
Only AKAP79 proteins with calcineurin-scaffold affinities in a relatively narrow window, 0.4-12 µM, were as effective as wild-type AKAP79 in supporting calcineurin-NFAT signaling. The impaired signaling seen with low-affinity AKAP79 (PIAIIIA) and the loss of signaling with AKAP lacking the calcineurin-anchoring site are readily explained by a failure to recruit sufficient calcineurin to scaffold complexes associated with L-type Ca 2+ channels (Fig. 7) . Although the intermediate-affinity AKAP79 (PPAIIIA) supports NFAT signaling, it may not be biologically interchangeable with wild-type AKAP79: nuclear import of NFAT is a relatively insensitive measure, which requires an experimental design with a fairly strong Ca 2+ signal, and the same strong Ca 2+ signal was used for transcriptional assays in order to drive measurable transcription with a 3-min stimulus. The window for NFAT signaling may well be narrower at low levels of physiological stimulation.
Unexpectedly, despite its modestly increased affinity for calcineurin, AKAP79 with the PPAIIIT sequence impaired NFAT signaling rather than further promoting it. A partial explanation is that the higher affinity decreased the release of active calcineurin from AKAP79 into the cytoplasm (Fig. 7) . Similarly, the PRIEIT > PRIEIA substitution in NFAT1 causes only a ten-fold shift in K d but eliminates calcineurin-NFAT signaling in T cells 13 . Indeed, simplified mathematical models predict a very sharp dependence of NFAT activation on calcineurin activity 36 . Nevertheless, the fact that the two-to four-fold shifts in calcineurin-AKAP79 affinity and dissociation rate produced by the I338P substitution are associated with a complete loss of calcineurin-NFAT signaling suggests that a second process may be involved.
The FRAP experiments provide a strong indication of the nature of this second process. An increased fraction of calcineurin is immobilized by binding to AKAP79 with the PPAIIIT anchoring site, and this measure may in fact understate the sequestration of calcineurin by altered AKAP, because more than half of the AKAP79 in the npg a r t i c l e s dendritic spines is itself mobile on the time scale examined. Thus we consider it likely that the decreased release of active calcineurin into the cytoplasm is compounded by calcineurin binding to 'decoy' AKAP79 sites at the L-type Ca 2+ channel and elsewhere, which act in competition with the NFAT substrate (Fig. 7) . A parallel situation has been observed in yeast, where the engineered high-affinity substrate Crz1(PVIVIT) diverts calcineurin from other substrates whose dephosphorylation is necessary for the response to alkaline pH 18 .
Our FRAP experiments indicate that a fraction of calcineurin in hippocampal neurons is immobilized by AKAP79 on a considerably longer time scale than that required for dissociation of calcineurin-AKAP complexes in vitro. These results imply that at least some calcineurin-AKAP complexes are stabilized by additional interactions in cells, such as interactions through a subsidiary calcineurin-binding site in AKAP (ref. 34) , interactions with other proteins known to associate with AKAP79, or tethering of CNB to the cell membrane through its myristoyl modification. If calcineurin is held by additional interactions, the correlate in cells of the complete dissociation of the calcineurin-AKAP79 complex observed in vitro might be a 'breathing' of the calcineurin-IAIIIT contact that exposes the PxIxIT-binding surface of calcineurin but does not result in full dissociation of the assembled protein complex.
In summary, the conserved IAIIIT anchoring sequence of AKAP79 provides a high-affinity binding site to recruit calcineurin to the vicinity of the L-type Ca 2+ channel, where calcineurin can be activated by Ca 2+ influx, while at the same time preserving a dynamic interaction that permits sufficient unbinding to allow active calcineurin to recognize NFAT. We speculate that the binding affinity has been finely tuned during evolution by these competing requirements, perhaps leaving the interaction poised at the single affinity that maintains calcineurin-substrate communication across the range of physiological signal strengths. The more general conclusion is that a third element, the precise strength of docking interactions, must be included in the description of intracellular signaling networks, in addition to the connectivity of the signaling networks determined by scaffold proteins and the modulatory interactions that can occur within individual scaffold complexes [1] [2] [3] 37 . Our experiments illustrate the precise tailoring of calcineurin-scaffold docking affinity to the requirements of signaling in hippocampal neurons and suggest that a similar matching of affinity to signaling may occur in other pathways built upon transient protein-protein interactions.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
